A B S T R A C T Concentrations of insulin, proinsulin, and C-peptide were measured in portal and peripheral venous blood in six nondiabetic, nonobese subjects. Portal vein samples were obtained by umbilical vein catheterization. Three subj ects were studied with intravenous infusion of 25 g glucose, and three with 30 g arginine. Insulin and proinsulin were determined in the insulin immunoassay after separation by gel filtration, and C-peptide was measured by direct immunoassay.
INTRODUCTION
It is now well established that insulin is synthesized as a precursor molecule, proinsulin, which is converted within the pancreatic beta cell to insulin. Insulin is then secreted together with the connecting peptide, or C-peptide, a 31 amino acid segment which forms the major portion of the link between the insulin A and B chains in the proinsulin molecule. Studies from several laboratories have demonstrated the value of measuring serum proinsulin and C-peptide for both diagnostic and investigative purposes (1, 2) . However, the hepatic extraction and peripheral metabolism of proinsulin, insulin, and C-peptide differ markedly in animals (3, 4) , and peripheral vein concentrations do not necessarily reflect the relative rates at which these three peptides are secreted by pancreatic beta cells. We have therefore studied the relationship of portal and peripheral venous concentrations of insulin, proinsulin, and C-peptide in six nondiabetic subjects to determine whether peripheral levels may indeed be used as an indicator of their portal concentrations.
In addition, it has been noted that while insulin and those of insulin in the peripheral circulation (6) . Similarly, the ratio of proinsulin to insulin in venous blood greatly exceeds that found in the pancreas (7). Mleasurement of portal vein concentrations of these peptides in man has enabled us to determine the basis for these findings.
METHODS
Six nondiabetic subjects requiring elective abdominal surgery were studied. The procedure of portal vein catheterization was explained in detail to each patient and their option to decline was stressed. Informed written consent was obtained from each patient. The experiments had been approved by the human experimentation committees of both the medical school and the hospital at which these studies were conducted. Surgery was required for either duodenal ulcer disease or chronic cholecystitis. No subject was obese, but some had lost a small amount of weight before surgery. All had normal tests of hepatic function, and fasting and postprandial blood glucose levels were within the normal range.
After an overnight fast, the patients were prepared for abdominal exploration. No general anesthetic was given, but some subjects received 5 (9) . C-peptide immunoreactivity (CPR) was measured by a previously described immunoassay (10) , with a rabbit anti-C-peptide antiserum prepared against synthetic human Cpeptide (kindly supplied by Dr. Norboru Yanaihara of Shizuoka College of Pharmacy, Shizuoka-shi, Japan). Proinsulin cross-reacts in this assay about 1/15 as well as Cpeptide, and the relative concentrations of serum C-peptide and proinsulin are such that less than 3% of measured Cpeptide could be attributed to proinsulin. Sera were separated on Bio-Gel P-30 columns (Bio-Rad Laboratories, Richmond, Calif.) equilibrated in borate buffer at pH 8.0 and the immunoreactive insulin-like activity in each fraction was determined by the insulin assay. Two well-separated peaks, corresponding to the proinsulin-like components (first peak), PLC,' and insulin (second peak), were found. By using standards of human proinsulin and insulin, the absolute amounts of each peptide in the original serum could be calculated by summing the values obtained in the PLC fractions (read against the proinsulin standard) and those in the insulin region (read from the insulin standard) (11) .
The proportion of insulin immunoreactivity due to proinsulin was calculated by expressing the sum of the proinsulin fractions, measured against the insulin standard, as a percentage of the total immunoreactive insulin concentration in all the fractions. Glucose was measured in whole blood by a glucose oxidase method (12) .
Standard statistical methods were used to calculate product-moment correlation coefficients and linear least-squares regression equations (13) .
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Portal and Peripheral Proinstlin, Insulin, and C-Peptide PORTAL C-PEPTIDE(ng/ml) FIGURE 3 Correlation between insulin and C-peptide concentrations, in both portal and peripheral blood, during and after glucose infusions in the three subjects. Productmoment correlation coefficients (r) and least-squares regression equations are shown.
relative increases, however, were of different magnitude, with insulin showing a 14-fold rise, PLC a 6-fold increase, and C-peptide rising by a factor of four. In the peripheral circulation, peak levels occurred somewhat later, between 2 and 5 min. The increase in insulin was sevenfold, in PLC threefold, and in C-peptide twofold. These results indicated that while the three peptides were secreted in parallel, there were quantitative differences in their degree of rise. Fig. 1 shows the percentage of serum immunoreactive insulin-like activity contributed by PLC. In the portal vein, there is a decline from basal values of 6% to 2.5% at the time of peak secretion. After the end of the glucose infusion, there was a gradual return to basal levels. A similar pattern is seen in peripheral blood, but the time course is slower and the percentage of PLC is higher.
The molar ratios of C-peptide to insulin during the glucose infusion are shown in Fig. 2 The molar ratio of C-peptide to insulin after arginine showed a pattern similar to that during the glucose infusion. In particular, at the time of peak C-peptide levels, the mean portal vein CPR: IRI ratio was close to equinmolarity (1.07±0.06).
DISCUSSION
Peripheral insulin concentrations are frequently interpreted as reflecting panceatic secretion of the hormone. However, because the liver has been shown to be the most important organ for removal of insulin from the circulation (14, 15) , studies of simultaneously obtained portal and peripheral blood samples have been carried out to determine how well peripheral levels reflect those in the portal vein (8, (16) (17) (18) (19) . The results of these previous studies have indicated that while portal and peripheral values generally correlate with each other, significant quantitative differences do occur. Furthermore, Blackard and Nelson (8) have shown that certain qualitative features of the secretory pattern observed in the portal vein are not seen when peripheral concentrations are measured. Because C-peptide has been proposed as an indicator of beta cell secretory function (6) in patients whose endogenous insulin cannot be measured, such as a diabetic patient receiving injections of therapeutic insulin or with circulating insulin antibodies, it is important to determine how its peripheral and portal vein concentrations are related. Similarly, measurement of peripheral venous PLC has been useful in the diagnosis of insulin-secreting tumors of the pancreas (20, 21) and knowledge of the relationship between its portal and peripheral levels would be helpful in the interpretation of these values.
Statistically significant correlations between portal and peripheral values of the three peptide concentrations could be shown during the base-line period and the late poststimulatory (3-17 min) period after glucose (when correlation coefficients between portal and peripheral levels were 0.87 for insulin, 0.89 for C-peptide, and 0.84 for PLC). However, no linear relationship between the portal and peripheral concentrations was seen during the stimulatory period (0-2.5 min), or when data from the entire study period were analysed together. The poor correlation was probably due to the large dilutional factor in passing from portal to systemic circulation, and the delay in transit through the liver. The portal and peripheral IRI and C-peptide concentrations were even less well correlated after arginine than after glucose. The cause of this additional disparity between the portal-peripheral correlations in the arginine test is not immediately apparent, but at least three explanations should be considered. First, it is possible that arginine differentially affects the hepatic uptake of insulin and C-peptide in a way that glucose does not. Second, the portal vein levels show a biphasic pattern that is not as marked in the peripheral values. Third, since the insulin concentrations in the portal vein were higher during the arginine than the glucose infusion, there may be a relatively greater hepatic extraction of insulin compared to C-peptide during the arginine infusion. This latter possibility is compatible with the results of Waddell and Sussman (22) and Kaden, Harding, and Field (23) , who found that a rise in pancreatic insulin secretion (induced by glucose in the cited experiments) was associated with an increase in the hepatic extraction of the hormone. On the other hand, some studies suggest no change (24) or a decrease (25) in hepatic removal of insulin as the portal level rises. Because of this uncertainty, and the variable relationship of portal and peripheral insulin, it appears that the peripheral C-peptide concentrations may under certain circumstances provide a more reliable picture of beta cell secretion than does the peripheral insulin level. Furthermore, the close correlation between portal insulin and C-peptide levels, and between peripheral insulin and C-peptide, indicate that C-peptide concentrations may be used as an indicator of insulin levels in both portal and peripheral blood in situations where it is difficult to measure insulin itself.
The proinsulin content of extracted pancreas is less than 7% of the immunoreactive insulin level (26) (27) (28) (29) (30) (31) (32) , while basal values in peripheral blood are higher, comprising approximately 20% of total IRI (7, (33) (34) (35) (36) . Although it has been suggested that the higher circulating proinsulin content indicates preferential release of newly formed granules, which contain a higher proportion of proinsulin, our data on portal vein blood indicate that the ratio of proinsulin to insulin being secreted is similar to that present in the pancreas. These results are compatible with random release of insulin granules from the beta cell, there being no preference for either newly formed or more mature granules under ordinary conditions (28) . Proinsulin is more slowly catabolized than insulin in animals (3, 4) , and in man the half-time of disappearance of endogenous proinsulin is 17.2 min, compared to 4.8 min for insulin (37) . The results in Fig. 1 may therefore be explained as follows. In the portal vein, the percentage of proinsulin in the basal state is higher than that in the pancreas, because of the accumulation of the more slowly catabolized proinsulin. At the time of maximal secretion, when absolute levels are high compared to basal values, recirculating proinsulin is of less quantitative significance, and the percentage of proinsulin in the portal vein declines to reach values present in the pancreas. At later times, as beta cell secretion diminishes, there is a gradual return to the higher basal levels, which may be attributed again to the relatively greater persistance of proinsulin as compared with insulin. The pattern in peripheral blood is essentially similar. However, the time course of the changes is slower and the percentage of proinsulin is higher, because hepatic extraction of insulin is greater than that of proinsulin.
The molar concentrations of serum-C-peptide are substantially greater than insulin in healthy subjects (6, 10) , although theoretical considerations and in vitro experiments suggest equimolar secretion (5) . This discrepancy apparently arises because C-peptide is more slowly catabolized than insulin (3), having a ti of 11.1 min compared to 4.8 min for insulin in man (38) . The results shown in Fig. 2 support this interpretation, for at times of peak secretion, when portal vein levels far exceed basal values, the two peptides are indeed present in nearly equimolar concentrations. In the peripheral circulation, the molar ratio of C-peptide to insulin always exceeds unity, implying substantially greater hepatic extraction of insulin than C-peptide. This conclusion is compatible with the observations of Katz and Rubenstein (3), who showed that C-peptide in rats is predominantly metabolized by the kidney, in contrast to the predominantly hepatic metabolism of insulin. Different dilution volumes of insulin and C-peptide could potentially account for some of the observations, but data on this point are not available. ACKNOWLEDGMENTS
